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A novel method combining the experimental data at only two different mixed mode fractures and an
empirical interface toughness function has been proposed to establish the interfacial toughness function
of a bimaterial in submicron scale. The modiﬁed four-point bend specimen was used in experiment to
evaluate the ﬁrst type of mixed mode fracture, while the sandwiched cantilever specimen was employed
to get the second one. An empirical interface toughness function reﬂecting quite accurately the delami-
nation behavior was adopted as a typical one. The obtained results investigated that the proposed
method could be used to calibrate not only the interfacial fracture criteria at pure modes but also at
any mixed mode fracture of bimaterials in submicron scale.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Adhesive-bonded joint has been widely used in many indus-
tries, especially in aerospace and micro-/nano-electronic indus-
tries, due to its advantages such as small, light structure and use
of fewer details. The joint (or the interface) is formed from two sur-
faces of two different material layers adhered together by bonding
agents as heat and pressure. The cohesion of these different layers
can reduce the size and the weight of structure as well as add more
components on the structure. In terms of mechanical strength, the
interface is the weakest and where crack usually initiates and
propagates. Since interface strength is one of important factors to
affect the working stability of structure, evaluation of the interfa-
cial fracture criterion (the interfacial toughness) to improve the
service quality of structure should be necessary.
Many methods have been proposed to evaluate the interfacial
fracture criteria such as the scratch test (Lee et al., 1990; Bagchi
and Evans, 1996), the peeling test (Kim et al., 1978; Kinloch
et al., 1994), the topple test (Butler, 1970), the blister test (Takashi
et al., 1978; Jensen, 1991; Liechti and Liang, 1992), the three-point
bend test (Zoua et al., 2003), the four-point bend test (Hirakata
et al., 2006), the sandwiched cantilever test (Kitamura et al.,
2002, 2007; Shang et al., 2005), the double cantilever beam test
(Sundararaman and Davidson, 1997) and the indentation test (Li
and Siegmund, 2004). However, these methods can not controlll rights reserved.
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. Do).the mix of loading and only calibrate the interfacial fracture crite-
ria at some special modes as pure mode I and several combinations
of mode I and mode II, evaluation of the interfacial fracture criteria
at the certain mixed mode loadings is still a difﬁculty.
Recently, the edge-cracked bimaterial strip specimen (Chai and
Liechti, 1991, 1992; Swadener and Liechti, 1998), the sandwich
specimen (Swadener et al., 1999; Mello and Liechti, 2004, 2006)
and the Brazil-nut test specimen (Wang and Suo, 1990) have been
developed and widely used to evaluate the interfacial toughness
curve owing to the improvements of specimen. By controlling sim-
ply the mix of loading on the specimen, interfacial fracture criteria
can be calibrated not only at pure mode I and pure mode II but also
at almost any combination of mode I and mode II. Although the
specimens provided a wide range of mode mixes, preparation of
the specimens with a pre-crack are not easy and are especially dif-
ﬁcult for the specimen with material layers in submicron scale.
These also mean that evaluation of the interfacial toughness curve
between material layers in submicron scale is still a challenge.
In this study, a method has been proposed to calibrate the inter-
facial toughness curve of bimaterial in submicron scale. Two types
of delamination test specimens with two respective speciﬁc mixed
mode fractures were experimentally carried out. The total energy
release rates G and the mixed-mode loading phase angles w were
evaluated by ﬁnite element method (FEM). The constant k consid-
ering the inﬂuence of mode II contribution in the fracture criterion
has been explored by a relationship between the total energy re-
lease rates obtained at two mixed mode fractures. The interfacial
toughness function was ﬁnally established by an empirical func-
tion based on k, w and G.
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Fig. 1 shows the general conﬁguration near the crack tip on the
interface bonded by two dissimilar isotropic materials. Material 1
with the subscript 1 is above the interface and material 2 with
the subscript 2 is below. Ei, mi and li (i = 1, 2) are the Young’s mod-
ulus, the Poisson’s ratios and the shear modulus of the respective
materials. For the crack as shown in the ﬁgure, the singular stress
ﬁeld ahead of the crack tip under small-scale yielding condition is
generally expressed by the following equation (Hutchinson and
Suo, 1992)
r22 þ ir12 ¼ K I þ iK IIð Þð2prÞ1=2 rl
 ie
ð1Þ
with rie ¼ cosðe ln rÞ þ i sin ðe ln rÞ ð2Þ
Here, KI and KII are the interfacial stress intensity factors, r is the
distance from the tip, i is the imaginary number, l is the reference
length and e is the oscillation index given by
e ¼ 1
2p
ln
1 b
1þ b
 
ð3Þ
where b is the second Dundurs’ parameter (Dundurs, 1969) measur-
ing the mismatch in the in-plane bulk modulus and is deﬁned by
b ¼ 1
2
l1ð1 2m2Þ  l2ð1 2m1Þ
l1ð1 m2Þ þ l2ð1 m1Þ
ð4Þ
As in elastic fracture mechanics for homogeneous isotropic so-
lid, two parameters such as the energy release rate and the inter-
facial stress intensity factor are used to describe the mechanical
behavior of interfacial crack. The former quantiﬁes the change in
potential energy accompanying an increment of crack extension;
the later characterizes the stress, strain and displacement near
the crack tip. The energy release rate describes global behavior
while the interfacial stress intensity factor is a local parameter
(Anderson, 1995). For linear elastic bimaterial, relationship be-
tween the critical energy release rate GcI at pure mode I and the
interfacial stress intensity factors KI and KII is given as (Hutchinson
and Suo, 1992)
GcI ¼
ð1 b2Þ
E
K2I þ kK2II
 
ð5Þ
The criterion can be rewritten as
GI
GcI
þ GII
GcII
¼ 1 ð6Þ
or GI þ kGII ¼ GcI ð7Þ
with GI ¼ ð1 b
2Þ
E
K2I ; GII ¼
ð1 b2Þ
E
K2II; G
c
II ¼
GcI
k
ð8Þ
and E ¼ 2E
00
1E
0
2
ðE01 þ E02Þ
ð9Þ
where E0i is equal to Ei in plane stress condition and equal to
Ei=ð1 m2i Þ in plane strain condition. GI and GII are the critical energyCrack 
Material 1 
Interface 
θΕ1, μ1, ν1
ry
xMaterial 2 
Ε2, μ2, ν2
Fig. 1. Bimaterial with a pre-crack.release rates of mode I and mode II at a speciﬁc mixed mode frac-
ture, respectively. GcII is the critical energy release rate at pure mode
II, and k is a constant considering the inﬂuence of mode II contribu-
tion in the criterion.
For bimaterials with b = 0, which are considered as the ‘‘weak’’
mismatch, a relationship between the total energy release rate G
and the critical energy release rates GI, GII at any the mixed mode
fracture is independent of the reference length l, and is deﬁned as
(Hutchinson and Suo, 1992)
G ¼ GI þ GII ð10Þ
While b– 0 (i.e. the ‘‘strong’’ mismatch), the magnitudes of GI
and GII are varied by choosing the reference length l, and the
decomposition in Eq. (10) exists only when the reference length l
is chosen at reasonable values.
It is well known that the interfacial strength is characterized by
either the energy release rate or the interfacial stress intensity fac-
tor, and a crack initiates to propagate along the interface when the
parameters reach the critical values. At a speciﬁc mixed mode con-
dition, the interface toughness is expressed by two parameters as
the total energy release rate G and the mixed mode loading phase
angle w. In general, a set of the mixed mode interfacial fracture cri-
teria can be expressed by the following function (Hutchinson and
Suo, 1992)
G ¼ CðwÞ ð11Þ
in which, w is deﬁned as
w ¼ tan1 K II
K I
 
or w ¼ tan1
ﬃﬃﬃﬃﬃﬃ
GII
GI
s !
ð12Þ
The interfacial toughness function C(w) (or the interfacial
toughness curve) is conventionally established by an interpolation
approach based on the set of the couples of parameters G and w in
the range of the mixed mode fracture. The function obtained in this
case is known as the empirical one.
3. Interfacial toughness function C(w)
Recently, several studies (Kinloch, 1987; Hutchinson and Suo,
1992) have proposed the empirical interface toughness functions
C(w) the general functions in order to simply evaluate the interfa-
cial toughness criteria. These attempts have made the availability
functions in the simple forms. According to investigations of
Hutchinson and Suo (1992), one (Kinloch, 1987) of the proposed
functions reﬂects quite accurately the delamination behavior, and
is deﬁned in the following form
CðwÞ ¼ GcI ½1þ tan2ðð1 kÞwÞ ð13Þ
where the magnitude of the constant k is in the closed interval be-
tween 0 and 1.
Fig. 2 shows a typical interface toughness curve, in which pure
mode I is found at the minimum value of the total energy releaseψ o
Γ(ψ)
GIc
900
GIIc
Fig. 2. Typical interface toughness function C(w).
Cu film (200 nm) 
Si substrate (550 μm) 
Fig. 3. Tested bimaterial.
Table 1
Sizes and critical loads of modiﬁed four-point bend specimens.
Specimen-I 1 2
l0 (mm) 42 43
l1 (mm) 11 11
l2 (mm) 18 18
l3 (mm) 17 16
l4 (mm) 21 21
a (mm) 4.5 4.3
Pc (N) 6.4 6.7
a
P/2
Stainless steel
Si 
Crack tip 
Epoxy
P/2
A 
B 
Cu
Si 
Stainless steel 
Fig. 5. Creation of a pre-crack in specimen-I.
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90.
Although the empirical interface toughness functions have been
published, several authors have quoted values of k. In order to use
the empirical functions, a method combining the experiment data
of delamination tests and the empirical function has been pro-
posed to calibrate the interfacial toughness function C(w) of bima-
terial at submicron scale. In the method, two different types of the
delamination test specimens as the four-point bend specimen
(Hoﬁnger et al., 1998) and the sandwiched cantilever specimen
(Kitamura et al., 2002, 2007) are carried out, in which each type
is used to calibrate a speciﬁc interfacial mixed mode fracture.
The total energy release rate G and the mixed mode loading phase
angle w of each mode are then evaluated by the J-integral and the
interfacial stress intensity factors, respectively. Eq. (13) can be
written as
Gð1Þ ¼ GcI ½1þ tan2ðð1 kÞwð1ÞÞ for the first type of mixed
mode fracture ð14Þ
Gð2Þ ¼ GcI ½1þ tan2ðð1 kÞwð2ÞÞ for the second of mixedright
mode fracture ð15Þ
By balancing Eqs. (14) and (15) in GcI , the obtained equation is
given as
Gð1Þ
1þ tan2ðð1 kÞwð1ÞÞ
¼ Gð2Þ
1þ tan2ðð1 kÞwð2ÞÞ
ð16Þ
where the subscripts (1) and (2) refer to the ﬁrst and the second
types of mixed mode fracture, respectively.
The critical energy release rate at pure mode I GcI is evaluated by
Eq. (14) (or Eq. (15)) after the parameter k is found by Eq. (16). The
interfacial toughness function C(w) (Eq. (13)) is ﬁnally established
based on the parameters k and GcI .
Thus, the interfacial toughness function C(w) between a thin
ﬁlm and a substrate can be simply established by combining thea
l1
Stainless steel
Si
Pre-crack
P/2
l2
l3
l0
A 
Fig. 4. Modiﬁed four-poempirical interface toughness function and the experiment data
obtained from the delamination tests at only two different mixed
mode fractures.
4. Experiments
In order to clarify the calibration procedure as well as the
advantages of the method, the experiment works and the results
will be summarized in the following sections.
4.1. First type of specimen: modiﬁed four-point bend specimen
(specimen-I)
Fig. 3 illustrates the tested bimaterial, in which the copper (Cu)
ﬁlm with the thickness of 200 nm was deposited on the (100) sur-
face of the silicon (Si) substrate of thickness 550 lm by the sput-
tering in Ar gas of 0.27 Pa. A plate of stainless steel was
prepared, polished with emery papers and diamond paste, and
cleaned by ultrasonic vibration in acetone and isopropyl alcohol.
After the plate was glued carefully on the Cu ﬁlm of wafer by
standard epoxy, the wafer was cut into rectangular couponsP/2
 
Cu 
Epoxy
l1
l4
B 
     Specimen width: 4.2 mm 
     Thickness of epoxy layer: 12 μm 
Si
Stainless steel
int bend specimen.
Controller
Electro-magnetic with 
differential transformer 
Load cell 
Specimen 
Picture of specimen and load cell
Fig. 6. Schematic of testing system.
P/2 P/2
y 
x 
Crack 
Crack 
Epoxy 
Cu 
Si 
     Specimen-I 1 
50 nm 
Fig. 7. FEM model and mesh division near crack tip of specimen-I.
Crack 
y
x
ds
L
Fig. 8. J-Integral around a crack tip.
Table 2
Material constants of used materials.
Material E (GPa) m
Cu 129 0.34
Si 167 0.30
Epoxy 2.5 0.30
Stainless steel 200 0.30
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point bend specimen (specimen-I). The sizes of specimens-I are
listed in Table 1.
Since the interface delamination between a thin ﬁlm and a sub-
strate is usually brittle, creation of a pre-crack with a desiredlength is not an easy task. For this specimen, a pre-crack with a de-
sired length can be made by moving the supports. Fig. 5 illustrates
a method to make the pre-crack. The supports A and B were moved
closer together. a is the distance from the free edge of interface to
the support B. Under the applied load P, a crack initiated at the free
edge, propagated along the interface and ﬁnally stopped at the
support B. A pre-crack with the desired length a was made in this
case. The pre-crack lengths of specimens-I are listed in Table 1.
Fig. 6 shows the schematic of testing system. A load was applied
to the specimen by amicro testingmachine with an electro-magnetic
Si substrate 
Cantilever 
Top view
 P 
Side view 
A 
b1 b2
h1
h2
 (a) 
Si 
Epoxy
Before making a pre-crack
Sputtered Cu (200 nm) 
Vacuum-evaporated Cu 
Detail of A 
 (b) 
Si 
Epoxy 
After making a pre-crack 
Sputtered Cu (200 nm) 
Vacuum-evaporated Cu 
a 
 (c) 
   Thickness of epoxy layer: 12 μm 
Fig. 9. Sandwiched cantilever specimen (specimen-II).
Indenter 
Fig. 10. Testing machine.
a
Metal mask 
Si substrate 
Cu 
(a) Deposition of Cu by vacuum evaporation (Cuev) 
ai 
Si substrate 
Cu 
(c) Deposition of Cu by sputtering (Cup) 
a
Si substrate 
Cuev
(b) Removing metal mask 
Fig. 11. Deposited steps in specimen’s fabrication process.
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rate of 0.5 lm/s. The load P and the displacement u were moni-
tored at the loading point during the test by a load cell and a dif-
ferential transformer, respectively. All the tests were conducted
in air at a room temperature. Table 1 also lists the critical loads
Pc of specimens-I, where the pre-crack initiated to propagate.
Fig. 7 shows the ﬁnite element model of specimen-I 1 modeled
by a commercial FEM code, ABAQUS 6.10, with 5089,408 nodes and1691,196 elements of 8-node quadratic plane strain elements. The
element size increased from a very small value (2 nm) at crack tip.
The rings of elements surrounding the crack tip were produced and
the elements nearest to the crack tip were collapsed into the trian-
gular elements to precisely evaluate the J-integral (Choupani,
2007).
Lo
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Fig. 13. Relationship between normalized compliance and crack length.
Table 3
Sizes and critical loads of sandwiched cantilever specimens.
Specimen-II 1 2
b1 (mm) 10 10
b2 (mm) 2.22 2.69
h1 (mm) 2 2
h2 (mm) 1.8 1.8
a (mm) 0.51 0.55
Pc (N)F 1.36 1.46
P (N)E 1.61 2.16
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(Rice, 1968)
J ¼
Z
L
wdy Ti @ui
@x
 
ds ð17Þ
where Ti are components of the traction vector (or the normal stres-
ses acting at the boundaries), ui are the displacement vector compo-
nents, ds is a length increment along the contour L and w is the
strain energy density and given as
w ¼
Z eij
0
rijdeij ð18Þ
with rij and eij are the stress and strain tensors, respectively.
Rice (1968) has investigated that the value of the J-integral (Eq.
(17)) is an energy parameter, and independent of the path of inte-
gration. In a ﬁnite element model, the J-integral can be thought of
as the virtual motion of a block of material surrounding the crack
tip. Each such block is deﬁned by contours and each contour is a
ring of elements surrounding the crack tip. In order to avoid a
low accuracy value of the J-integral at the ﬁrst ring (ABAQUS man-
ual, 2000), the average values of the J-integral obtained from the
second to seven rings were used in the present study.
Table 2 lists the elastic constants of all materials used. Since
plasticity was assumed to disappear any where in the specimen,the value of the total energy release rate G was equal to that of
the J-integral (Anderson, 1995). On the other hand, the second
Dundurs’ parameter b of the Cu/Si interface was very small
(0.003), two sides of Eq. (10) were considered to be equal and eval-
uation of the mixed mode loading phase angle w was independent
of the reference length l. Finally, the average values of G(1) and w(1)
obtained from all specimens-I were determined at 1.30 J/m2 and
47, respectively.
4.2. Second type of specimen: sandwiched cantilever specimen
(specimen-II)
Fig. 9 shows the sandwiched cantilever specimen and the load-
ing system. A test couponwas cut from awafer, inwhich the Cu ﬁlm
was deposited on the Si substrate by sputtering, and a cantilever of
stainless steel was glued on the Cu ﬁlm of wafer by standard epoxy.
The load P was applied at the end of the cantilever under constant
load rate of 0.02 N/s. All delamination tests were carried out by
using a micron-compression testing machine (Shimadzu, MCTE-
500). Fig. 10 shows the testing machine. The load P and the dis-
placement u at the loading point were monitored during the test.
To produce a pre-crack in the specimen, before depositing the
Cu ﬁlm on the Si substrate by sputtering method, a very thin ﬁlm
of Cu was deposited partly on the Si substrate near the free edge
by vacuum evaporation method. Fig. 11 illustrates the deposited
steps. The surface of Si substrate, except the part to make the
pre-crack, was covered by a metal mask. The Cu atoms were depos-
ited up to the thickness of 25 nm by the vacuum evaporation under
the pressure of 1.3  103 Pa. The metal mask was then removed.
Finally, the Cu atoms were deposited up to the thickness of
200 nm by the sputtering in Ar gas of 0.27 Pa. A detail view of
the ﬁlms near the free edge is shown in Fig. 9b. Since the mechan-
ical strength of the Cu/Si interface with the Cu ﬁlm deposited by
vacuum evaporation method was weaker than that deposited by
sputter one (Kitamura et al., 2007), the Cu/Si interface part depos-
ited by vacuum evaporation method was separated when increas-
ing the applied load, and made a pre-crack.
Fig. 12 shows the typical relationship between P and u of speci-
men-II 1 obtainedbyexperiment. TheP–u relation increased linearly
fromthe startingpoint to thepointC, but fromthepointC toD,u sud-
denly increasedwithout the increase of P. This increase could be ex-
plained as a crack initiated at the free edge and propagated along the
Cu/Si interface. Because the Cu/Si interface with the Cu ﬁlm depos-
ited by sputtermethodwas stronger than that deposited by vacuum
evaporation method, the crack was stopped at the end of the inter-
face part deposited by vacuum evaporation method (see Fig. 9c). A
pre-crackwasproduced in this case. After thepointD,u increasedal-
most linearly with P. From the points F to E, non-linear behavior ap-
pears. By unloading, reload between the points F and E, and
comparing the magnitudes of the reload and unload at the point F,
the crack initiated andpropageted fromthepoints F to E. Theapplied
loadsobtainedat thepoint Fwere thecritical load, Pc. At thepointE,u
abruptly increased and the specimen completely delaminated.
Because the Cu/Si interface part deposited by vacuum evapora-
tion method had the different sizes in each specimen, the pre-crack
P 
y 
x 
Crack 
Crack 
Epoxy 
Si 
Cu 
     Specimen-II 1 
50 nm 
Fig. 15. FEM model and mesh division near crack tip of specimen-II.
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Fig. 14. Spectra of Auger electron on fracture surfaces.
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Fig. 16. Interfacial toughness functions C(w) of Cu/Si interface.
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calibrate the pre-crack length, the change in the compliance C of
specimens was investigated. Fig. 13 shows the typical relationship
between the normalized compliance and the crack length of spec-
imen-II 1 obtained by FEM. Here, C was normalized by the one at
a = 0, Ca = 0. Based on the compliance obtained by experiment, the
pre-crack length a of specimen-II 1 was evaluated at 4.5 mm.
After the tests of two specimen types (specimen-I and speci-
men-II), the fracture surfaces of both the ﬁlm and the substrate
sides were examined by Auger electro spectroscopy. The obtained
peaks as showing in Fig. 14 conﬁrmed that the crack propagated
perfectly along the interface between Cu and Si.
Table 3 lists the sizes and the critical loads of all specimens-II
used. Fig. 15 shows the ﬁnite element model of specimen-II 1 with
2349,102 nodes and 781,157 elements of 8-node quadratic plane
strain elements. The element size increased from a very small va-
lue (2 nm) at crack tip. Similar to the previous model, the rings
of elements surrounding the crack tip and the collapsed triangular
elements nearest to the crack tip were applied to calibrate the J-
integral. The material constants used are listed in Table 2. The
average values of G(2) and w(2) obtained from specimens-II 1 and
2 were ﬁnally determined at 1.15 J/m2 and 37, respectively.
4.3. Calibration of interfacial toughness curve
According to the proposed method, the experiment data of two
different mixed mode fractures are enough to evaluate the full
interfacial toughness function C(w). From the results obtained in
the previous sections (G(1) = 1.30 J/m2, w(1) = 47 for the ﬁrst type
of mixed mode fracture and G(2) = 1.15 J/m2, w(2) = 37 for the
second type of mixed mode fracture), Eq. (16) is given as
1:30
1þ tan2ðð1 kÞ47Þ ¼
1:15
1þ tan2ðð1 kÞ37Þ ð19Þ
By solving Eq. (19), k was evaluated at 0.334. GcI and G
c
II were
then determined at 0.95 J/m2 and 2.84 J/m2 by Eqs. (14) and (8),
respectively. The interfacial toughness function of the Cu/Si inter-
face was ﬁnally given as
CðwÞ ¼ 0:95½1þ tan2ð0:67wÞ ð20Þ
Fig. 16 shows the interfacial toughness curve of the Cu/Si inter-
face, in which two points as O1 and O2 were the basic data to estab-
lish the curve. The total energy release rate G was approximately
equal to GcI in the range of w less than 30. The mixed modefracture obviously occurred in the range however the effect of
mode II could be ignored in some practical calculations. The inter-
face strength at pure mode II (GcII) was about three times stronger
than that in pure mode I (GcI ). When the difference between G
c
I and
GcII is small, the interface can be considered as ‘‘ideally brittle’’
(Hutchinson and Suo, 1992). Finally, based on the curve, any mixed
mode fracture of the Cu/Si interfaces with the same Cu ﬁlm thick-
ness and deposited method can be evaluated without doing any
experiment.5. Conclusions
A method combining the experiment data at only two differ-
ences of mixed mode fractures and an empirical interface tough-
ness function has been proposed to establish the interfacial
toughness function of a bimaterial in submicron scale. The modi-
ﬁed four-point bend specimen was used in experiment to evaluate
the ﬁrst type of mixed mode fracture, while the sandwiched canti-
lever specimen was employed to get the second one. An empirical
interface toughness function reﬂecting quite accurately the delam-
ination behavior was adopted as a typical one. The obtained results
investigated that the proposed method could be used to calibrate
not only the interfacial fracture criteria at pure modes (GcI and
GcII) but also at any mixed mode fracture of bimaterials in submi-
cron scale.Acknowledgment
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